Introduction {#S001}
============

Influenza A viruses (IAV) cause recurring, highly infectious respiratory disease with mild to severe symptoms. It affects up to 5--10% of adults and 20--30% of children worldwide \[[@CIT0001]\] and reaches 290000--650000 deaths annually \[[@CIT0002]\]. Currently circulating IAV strains include the 2009 pandemic H1N1 strain (H1N1pdm09) as well as H3N2 strains \[[@CIT0003]\]. Prevention of IAV infection can be achieved by annual vaccination and is of particular importance to elderly, infants, pregnant women and immune-compromised individuals, which are at high risk to develop severe symptoms. However, sporadic low efficacy of vaccines, due to mismatches between the circulating viruses and vaccine strains, and increasing scepticism towards the risks and benefits of vaccination raise the need for therapeutic treatments \[[@CIT0004]\]. Additionally, introduction of new IAV strains with pandemic potential from animal reservoirs into the human population, for which a vaccine could not be timely available, remains to be a threat.

Currently available drugs for the treatment of severe IAV infection are limited and pose a high risk for resistance development. This is dramatically exemplified by the widespread resistance of current IAVs to M2-inhibitors \[[@CIT0007]\] and former seasonal H1N1 viruses to neuraminidase inhibitors (NAIs) \[[@CIT0008]\].

New anti-influenza drugs, like the cell fusion inhibitor arbidol, the ribonucleosid analogue favipiravir and the endonuclease inhibitor baloxavir have been approved but are not yet available worldwide \[[@CIT0009]\]. Therefore, additional options to prevent and limit the severity of IAV infections need to be discovered.

In contrast to drugs that directly target viral proteins, stimulation of intrinsic host antiviral response mechanisms provides an efficient strategy for antiviral treatment with a reduced risk of resistance development \[[@CIT0012]\]. A good example is given by the successful clinical application of PEGylated interferon alpha 2 (IFN-α2) for the treatment of chronic virus infections, such as with hepatitis C virus (HCV) \[[@CIT0013]\].

IFN-α is a cytokine family belonging to type I IFNs, which possesses strong antiviral and immune-modulatory properties. In humans, the *IFNA* gene family is composed of 12 different subtypes encoded by 14 genes, including one pseudogene and two genes that encode identical proteins \[[@CIT0014]\]. Induction of *IFNA* genes occurs in response to the recognition of pathogen-associated molecular patterns (PAMPs) by cellular pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) \[[@CIT0015],[@CIT0016]\] and retinoic acid-inducible gene I (RIG-I) \[[@CIT0017]\]. Secreted type I IFNs bind to the IFN-α receptor (IFNAR) in an autocrine and paracrine manner, leading to activation of the JAK/STAT pathway. Phosphorylated STATs assemble with IFN regulatory factor 9 (IRF9), forming the IFN-stimulated gene factor 3 (ISGF3) complex that binds to IFN-stimulated response elements (ISREs) in gene promoters and lead to the expression of IFN stimulated genes (ISGs), which possess diverse antiviral properties \[[@CIT0018]\]. Many viruses have developed efficient mechanisms to counteract the induction of IFNs to suppress the expression of restriction factors. However, by exogenous application of purified IFNs, these counter mechanisms can be circumvented, opening the door for therapeutic interventions.

Currently, only subtype IFN-α2 is used for antiviral therapies, while the therapeutic potential of the other subtypes has remained largely unknown. Intriguingly, recent studies demonstrated that human IFN-α subtypes α8 and α14 are more potent inhibitors of HIV infection than IFN-α2. In contrast, for HBV, it was shown that mouse IFN-α subtypes α4 and α5 display stronger antiviral activity than IFN-α2, in a mouse model \[[@CIT0019]\]. These reports suggest that IFN-α subtypes possess non-redundant immune-stimulatory and antiviral properties.

In addition to HIV and hepatitis viruses, also IAV are highly susceptible to exogenous IFN-α application *in vitro* and *in vivo* \[[@CIT0020]\], suggesting high therapeutic potential against IAV infections. However, the translation of these findings to humans has, so far, been difficult and clinical studies were of limited success, either due to the lack of preventive or therapeutic effects or to the occurrence of adverse effects \[[@CIT0024]\]. Intriguingly, most of these studies were based on the use of IFN-α2. Until today, only a limited number of reports assessed whether IFN-α subtypes differ in the antiviral activities against IAV *in vitro* or *in vivo,* with variable outcomes \[[@CIT0029]\]. Consequently, the therapeutic potential of human IFN-α subtypes against IAV has not been investigated in a primary human study model to date.

To address this knowledge gap, the aim of this study was to determine the antiviral activities of all human IFN-α subtypes against a relevant seasonal IAV strain in human lung tissue. Our results demonstrated that IFN-α subtypes display individual antiviral properties against H3N2 IAV in human lung tissue. Most importantly, subtypes α16, α5 and α4 exhibited up to 230-fold higher antiviral activity compared to IFN-α2, but were not upregulated in human lung tissue upon *ex vivo* infection. Our results suggest, that human IFN-α subtypes α16, α5 and α4 should be further investigated for IAV treatments.

Materials and methods {#S002}
=====================

Cells and viruses {#S002-S2001}
-----------------

Human alveolar epithelial cells (A549) and Madin-Darby canine kidney type II cells (MDCK) were cultivated in Dulbecco's modified Eagle's Medium (DMEM) (Sigma, Germany) supplemented with 10% fetal bovine serum (FBS) (Merck, Germany) and 1% Penicillin/Streptomycin (P/S) (Merck, Germany) at 37°C and 5% CO~2~. The IAV strain A/Panama/2007/1999 (H3N2) represents a prototypic seasonal H3N2 strain and is part of the virus collection of the German National Reference Centre for Surveillance and Nosocomial Infections (NRZ) of the Robert-Koch Institute. It was isolated in 1999 and was recommended as a vaccine strain by the WHO. The recombinant virus of this isolate was kindly provided by Thorsten Wolff (Robert-Koch Institute, Germany). Viruses were propagated on MDCKs for 72 h and viral titres were determined by standard plaque assay.

MTT-Assay {#S002-S2002}
---------

The viability of A549 cells treated with IFN-α subtypes was assessed by using colorimetric MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] assay (Sigma, Germany). 4.5 × 10^4^ A549 cells were incubated with 500 U/mL of the IFN-α subtypes for 48 h. MTT was added to the cells (5 mg/mL) for 4 h and plates were measured at 562 nm in a microplate reader (BioTeK, USA). Cells treated with 2 µM of the apoptosis-inducing kinase inhibitor staurosporine were used as positive control.

Human lung explants {#S002-S2003}
-------------------

Tumor-free human lung explants were obtained from patients undergoing lung surgery at the University Hospital Muenster on the day of surgery. All patients gave their written consent to donate lung tissue for scientific purpose. Ethical approval was given by the ethical council of the Deutsche Ärztekammer (AZ: 2016-265-f-S). Lung tissue was recovered in Roswell Park Memorial Institute 1640 (RPMI) medium (Sigma, Germany) and stored at 4°C. The tissue was processed into tissue blocks of approximately 100 mg, placed in a 12-well plate and incubated overnight at 37°C with 5% CO~2~. For all experiments, untreated tissue of the same donor served as a negative control.

Virus infection of human lung tissue {#S002-S2004}
------------------------------------

Virus was added to the medium of human lung tissue in the presence or absence of IFNs or BafA in RPMI+++ medium \[RPMI supplemented with 2 mM L-Glutamin (Sigma, Germany), 1% P/S and 0.1% BSA\]. 200 µL of the virus-containing medium were injected into the tissue using a syringe. After 1 h, tissues were washed to remove excess virus, placed in fresh RPMI+++ without IFNs or BafA and incubated at 37°C with 5% CO~2~ for 48 h. Supernatants were collected at 1, 24 and 48 h post infection (hpi) for titre determination.

Treatment of lung tissue with IFN-α or Bafilomycin A {#S002-S2005}
----------------------------------------------------

1000 U/mL of IFN-α subtypes or 250 nm of Bafilomycin (BafA) were added to the supernatants of lung explants. 200 µL of the drug-containing medium were injected into the tissue, followed by incubation for a total of 8 h (IFN-α) or 1 h (BafA) at 37°C and 5% CO~2~. For RNA extraction, IFN-treated tissue was transferred to 1 mL RNAlater (Sigma, Germany) 8 h (or 7 + 1 h with viral infection) post treatment (hpt). To assess the antiviral effect of IFN-α subtypes, virus infection (1 × 10^5^ PFU/mL) was performed 7 hpt, by adding virus to the drug containing supernatant for 1 h as described. For post-infection treatments, 2000 U/mL of the IFN-α subtypes were added to the supernatants 1 hpi.

Isolation of total RNA from human lung tissue and qRT-PCR analysis {#S002-S2006}
------------------------------------------------------------------

For total RNA isolation, the RNeasy Plus mini kit (Qiagen, Germany) was used, according to manufacturer\`s instructions. Tissue blocks were transferred to Lysing Matrix A tubes (MP Biomedicals, Germany) in RLT buffer supplemented with 1% β-Mercapthoethanol (Sigma, Germany). Tissue was lysed using FastPrep®-24 (MP Biomedicals, Germany) by applying six rounds of lysis at default settings (4 m/s, 20 s). Homogenates were centrifuged and RNA was purified from the supernatant. Total RNA was reverse transcribed with oligo (dT) primers and RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific, USA). qRT-PCR was carried out in duplicates using a LightCycler 480 II (Roche, Germany) by using specific primer sequences (Supplementary Table 1). Commercial primers were used for analysis of *IFITM3* and *IFN-β* mRNA (Qiagen, Germany). mRNA expression data were normalized to glyceraldehyde 3-phosphate dehydrogenase (*GAPDH*) and analysed by using the 2^−ΔΔCT^ method.

RNA sequencing and data analysis {#S002-S2007}
--------------------------------

RNA integrity was controlled on Agilent Technologies 2100 Bioanalyzer (Agilent Technologies, Germany). The RNA sequencing library was generated from 500 ng total RNA using Dynabeads mRNA DIRECT Micro Purification Kit (Thermo Fisher Scientific, USA), for mRNA purification, followed by NEBNext Ultra II Directional RNA Library Prep Kit (New England BioLabs, USA), according to manufacturer's protocols. The libraries were sequenced on Illumina NovaSeq 6000 using NovaSeq 6000 S1 Reagent Kit (200 and 300 cycles, paired end runs) with an average of 7.9 × 10^7^ reads per sample.

Reads were quality checked with package FastQC (version 0.11.4, reference see link below), then trimmed using Trimgalore (version 0.4.4, reference see link below) with default settings. Trimmed reads were mapped to human genome annotation hg38 (ENSMBL hg38 release 91) and H3N2 virus (gb:CY034100\|A/Panama/2007/1999) using STAR (version 2.5.2b \[[@CIT0032]\]) with default settings. Mapped reads were counted using RsubRead (version 1.32.4) \[[@CIT0033]\]. For the RNA sequencing data, analysis and visualization of expression data was performed using the R software package (version 3.4.0) \[[@CIT0034]\]. Raw counts from human genome and virus mapping were combined and normalized using DESeq2 (version 1.16.1) \[[@CIT0035]\]. For identification of differentially expressed genes (DEGs), the LIMMA package (version 3.32.4) \[[@CIT0036]\] using Benjamini-Hochberg (BH) correction for multiple testing \[[@CIT0037]\] was used. DEGs were identified at the level of the probe sets by using a threshold of more than a 1.5 fold (log2 of 0.5849625) difference in expression levels and an adjusted *p*-value of \< 0.1. Sequencing results are accessible at Gene Expression Omnibus using dataset identifier GSE135069: <https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135069>.

Lung tissue viability assay {#S002-S2008}
---------------------------

Human lung explants were cultured for 48 h. Supernatants were analysed for lactate dehydrogenase (LDH) release using the Cytotoxicity LDH Detection Kit (Clontech, USA). As a positive control, lung tissue was disrupted by using FastPrep®-24 (MP Biomedicals, Germany), as described. Optical density (OD) was measured at 450 nm using a MicroLumat Plus LB96 V (Berthold Technologies, Germany). Values were normalized to the individual weights of the tissue explants. Cytotoxic effects of IFN-α subtypes were assessed by treating human lung tissue with 2000 U/mL of each subtype for 48 h. Detection of LDH in the supernatants was performed at 24 and 48 hpt.

Analysis of secreted cytokines from human lung tissue {#S002-S2009}
-----------------------------------------------------

Supernatants from infected human lungs were analysed at 24 hpi using the LEGENDplex™ Human Anti-Virus Response Panel (BioLegend, USA). Cytokine capturing was performed according to the manufacturer's protocol in filter plates. Bead-bound cytokines were measured on a FACSCalibur Cytometer (Becton Dickinson). Concentrations were calculated using the LEGENDplex™ Data Analysis Software (BioLegend, USA). Amounts of secreted IL6 and IL8 were evaluated at higher dilution using a customized two-plex panel (LEGENDplex).

Recombinant IFN-α subtypes {#S002-S2010}
--------------------------

All 12 human IFN-α subtypes were expressed in *Escherichia coli*. Refolded proteins were purified by anion-exchange and size-exclusion chromatography. Endotoxin levels were determined using the ToxinSensor Kit (Genescript, USA) and were below 0.0025 endotoxin units (EU/mL). For quantification of the IFN-α units, subtypes were titrated on human retinal pigment epithelial cells stable transfected with a reporter plasmid containing 5 copies of a consensus ISRE element in front of a firefly luciferase gene (Stratagene, USA) \[[@CIT0038],[@CIT0039]\].

Immunohistochemistry {#S002-S2011}
--------------------

Detection of the viral nucleoprotein (NP) in infected lung explants was performed by immunohistochemistry. Lung explants were fixed in 4% paraformaldehyde (PFA) at 48 hpi. Following dehydration in ascending 2-propanol dilutions, tissues were embedded in paraffin and cut into 4 µm sections. Antigens were demasked in 1x Lab Vision™ PT Module™ solution (Thermo Fisher Scientific, USA) at 95°C for 20 min. Tissue sections were blocked in 10% FBS with 1% Triton-X100 for 30 min. Viral NP was stained using anti-NP antibody (G501, provided as a gift by Robert Webster, St. Judes Childrens Hospital, Memphis, USA) and a species-specific secondary antibody. Antigen visualization was performed using the Vectastain ABC-AP Kit (Vector Laboratories, USA). Cell nuclei were counterstained using Mayer's hemalum solution (Carl Roth, Germany).

MxA knockout cells {#S002-S2012}
------------------

Lentiviral particles harbouring a single guide (sg) RNA targeting the human *MX1* gene or a control sgRNA \[[@CIT0040]\] were kindly provided by Georg Kochs (University Freiburg, Germany). Lentiviral stocks were used for transduction of A549 cells to generate MxA knockout (KO) (ΔMxA) and control (Ctr) cells. MxA KO was validated by western blot analysis using primary antibodies against MxA (kindly provided by Georg Kochs). Successfully transduced cells were selected with 4 µg/mL of puromycin (Sigma, Germany).

5 × 10^5^ A549 ΔMxA and Ctr cells were either treated with IFN-α subtypes (500 U/mL) or mock-treated for 7 h. This was followed by infection (MOI 0.01) by adding the virus to the supernatant for an additional 1 h, resulting in 8 h total drug treatment. Virus-containing supernatant was replaced with fresh medium and supernatants were collected 12, 24 and 48 hpi and titrated on MDCK cells.

IC~50~ determination {#S002-S2013}
--------------------

A549 cells were pre-treated with different concentrations of each subtype (10^−2^10^−5^ U/mL), for 7 h, followed by infection (MOI 0.01), for 1 h, as described. Supernatants were collected 48 hpi and titrated on MDCK cells. The IFN-α subtype concentration required to decrease the viral titres by 50% (IC~50~) was calculated using GraphPad Prism.

Statistical analysis {#S002-S2014}
--------------------

Statistical analysis was performed with GraphPad Prism (GraphPad Software Inc., USA) unless otherwise specified. mRNA expression, by qRT-PCR, and secreted cytokine levels, by multiplex panels, in mock-infected and infected lungs was compared by paired Student\'s T-test. Experiments with repeated measurements (RM) were compared by two-way or three-way ANOVA with the indicated post-tests for multiple comparisons. IC~50~ values were determined by non-linear regression. Correlation analysis between IFN-α subtypes antiviral activity and ISGs induction was performed by linear regression analysis to calculate R^2^ and *p*-values.

Results {#S003}
=======

Replication and host response to H3N2 IAV infection in human lung tissue {#S003-S2001}
------------------------------------------------------------------------

Previous to the assessment of the antiviral properties of IFN-α subtypes against seasonal H3N2 IAV, viral replication kinetics and the host immune response in human lung tissue were analysed. *Ex vivo* infection of human lung tissue demonstrated stable viral replication over four log~10~ steps within 48 h ([Figure 1](#F0001){ref-type="fig"}(A)) and significant accumulation of viral RNAs derived from all eight viral genome segments as determined at 24 hpi ([Figure 1](#F0001){ref-type="fig"}(B)). Viability of the explants was verified by measuring the release of LDH in non-infected tissues for up to 48 h (supplementary Figure 1). These results demonstrate that human lung explants support IAV replication and reinforce that lung explants provide a suitable model to study pathogen host interactions of respiratory viruses in primary human lung tissue \[[@CIT0041]\]. To assess whether this model can also be applied to investigate drug treatments against IAV, we used the macrolide antibiotic bafilomycin A (BafA) to inhibit H3N2 IAV replication in lung tissue. BafA is an inhibitor of vacuolar-type H^+^-pumps and prevents endosomal acidification. As expected, pre-treatment with BafA for 1 h abrogated viral replication, resulting in significantly reduced virus titres ([Figure 1](#F0001){ref-type="fig"}(C)) and the absence of NP positive cells in BafA-treated and infected lung tissue sections ([Figure 1](#F0001){ref-type="fig"}(D)). Figure 1.Replication of H3N2 IAV in human lung explants. (a) Lung tissue was infected with the indicated amounts of H3N2 IAV particles. Viral titres were determined by plaque assay. *n* = at least 3 independent donors. (b) RNA-sequencing of total RNA isolated from human lung tissue 24 hpi. *n* = 5 independent donors. Bars represent mean (± SEM). \*\* *p* ≤ 0.01 \*\*\* *p* \< 0.001; Multiple testing with BH correction. (c) Treatment of human lung tissue with bafilomycin A (BafA) inhibits H3N2 replication. Human lung tissue was pre-incubated with 250 nM BafA for 1 h prior to infection with H3N2. Each time point represents mean (± SEM). Two-way ANOVA, Sidak's multiple comparison test. \**p* ≤ 0.05 (d) Immunohistochemistry of infected and non-infected lung explants. Viral nucleoprotein (NP) and cell nuclei were stained using anti-NP antibody (pink staining) and Mayer's hemalum solution (blue staining), respectively.

To characterize the host innate immune response to H3N2 IAV infection in human lung explants at 24 hpi, RNA sequencing analysis was performed. This revealed significant transcriptional upregulation of antiviral restriction factors including *OAS1, MX1* (MxA)*, GBP1, ISG15, OASL, DDX58* (RIG-I)*, EIF2AK2* (PKR)*, GBP3* and *IFITM3* and the pro-inflammatory cytokines and chemokines *CXCL10* (IP10)*, CCL2* (MCP1) and *TNF* (TNF-α) ([Figure 2](#F0002){ref-type="fig"}(A) and supplementary Table 2). To substantiate these findings, mRNA upregulation of *MX1, DDX58, OAS1* and *ISG15* and cytokines *IFNG, CCL2, IL6* and *CCL4* was verified by qRT-PCR ([Figure 2](#F0002){ref-type="fig"}(B)). Additionally, to evaluate the secretion levels of IFNs and other pro-inflammatory cytokines from infected human lung tissue, we performed a FACS-based multiplex analysis from the supernatants at 24 hpi ([Figure 2](#F0002){ref-type="fig"}(C)). This provided evidence that H3N2 IAV infection induced strong upregulation and secretion of type I IFNs (IFN-α2, IFN-β), type II (IFN-γ) and type III IFNs (IFN-λ1, λ2/3) and verified that the upregulation of pro-inflammatory cytokines also occurred at translational level. Induction of type I, II and III IFNs suggests the involvement of epithelial (type I and III IFNs) as well as immune cells (type II IFNs) in the antiviral response to H3N2 IAV infection in the human lung. Figure 2.Innate immune response to H3N2 IAV infection in human lung explants. Tissue was infected with 1 × 10^5^ PFU/mL of H3N2 IAV or mock-infected. (A) Total RNA was isolated 24 hpi for RNA-sequencing. mRNA expression levels are depicted as mean log~2~ fold change compared to mock-infected tissue. *n* = 5 independent donors. Multiple testing with BH correction. (B) mRNAs of individual ISGs and cytokines were analysed by qRT-PCR. GAPDH was used as the housekeeping gene. (C) Secreted cytokines were analysed in the supernatants at 24 hpi. Individual results of infected and mock-infected lung tissues are derived from the same donor. Bars represent mean (±SEM). \**p* \< 0.05 \*\**p* \< 0.01 \*\*\**p* \< 0.001 \*\*\*\**p* \< 0.0001; paired T-test.

To characterize the early antiviral immune response in more detail, we were interested to determine whether other IFN-α subtypes than IFN-α2 were induced after infection. RNA sequencing results revealed that mRNAs of subtypes *IFNA1*, *A2*, *A8*, *A14* and *A17* were significantly upregulated during H3N2 IAV infection ([Figure 3](#F0003){ref-type="fig"}). Figure 3.Induction of IFN-α subtypes mRNA levels by H3N2 IAV infection in human lung explants. Total RNA was isolated 24 hpi for RNA-sequencing. mRNA levels are depicted as mean log~2~ fold change, compared to mock-infected tissue from the same donor. *n* = 5 independent donors. \**p* \< 0.05 \*\**p* \< 0.01. Multiple testing with BH correction.

In conclusion, our results demonstrate that human lung explants induce a complex innate immune response following infection with H3N2 IAV, which is manifested by the expression of antiviral restriction factors, pro-inflammatory cytokines, type I, II and III IFNs and a unique pattern of IFN-α subtypes.

IFN-α subtypes differentially suppress replication of H3N2 IAV in human lung tissue {#S003-S2002}
-----------------------------------------------------------------------------------

Our results demonstrated that several IFN-α subtypes, including α1, α2, α8, α14 and α17 were upregulated in IAV infected lung tissue. It is known that the clinically approved subtype IFN-α2 displays antiviral activity against IAV, however, for the other subtypes, information on their antiviral properties against IAV is not available. Therefore, we were interested to analyse the antiviral activities of all human IFN-α subtypes against H3N2 IAV in our model.

Type I IFNs are reported to induce a rapid immune response accompanied by high expression levels of ISGs. In order to compare the antiviral activities of the subtypes, we exogenously applied 1000 U/mL of the specific subtypes to the supernatants of human lung explants for 7 h prior to the addition of 1 × 10^5^ PFU/mL of H3N2 IAV for 1 h. IFN and virus-containing supernatants were removed and viral replication was analysed by titrating virus titres in the supernatants 1, 24 and 48 hpi by plaque assay.

We first analysed the subtypes that were expressed during infection and observed that, except for IFN-α1, all subtypes suppressed H3N2 IAV replication by 1--2 log~10~ step(s) at 48 hpi ([Figure 4](#F0004){ref-type="fig"}(A)). However, IFN-α2, which was used for the majority of studies involving IAV, displayed weaker antiviral activity than α14 and α17 ([Figure 4](#F0004){ref-type="fig"}(A and C)). Figure 4.Inhibition of H3N2 IAV replication by IFN-α subtypes. Tissues were treated with human IFN-α subtypes (1000 U/mL) for 7 h before 1 × 10^5^ PFU/mL of H3N2 IAV were added to the medium with for an additional hour. (A) Antiviral activity of IFN-α subtypes significantly induced during infection. (B) Antiviral activity of the remaining IFN-α subtypes not induced during infection. Viral titres were determined by plaque assay. Time points represent mean (± SEM). (C) Antiviral effects of IFN-α subtypes against H3N2 were calculated over mock-treated tissue (n-fold reduction in viral titres) and compared to IFN-α2, at 48 hpi. \**p* \< 0.05 \*\**p* \< 0.01 \*\*\**p* \< 0.001; two-way ANOVA multiple comparison test.

Next, we also investigated the antiviral potential of the seven remaining subtypes, which were not induced during H3N2 IAV infection. All of these subtypes (α4, α5, α6, α7, α10, α16 and α21) also exhibited antiviral activity, however, the degree of suppression strongly differed between the individual subtypes ([Figure 4](#F0004){ref-type="fig"}(B)). Direct comparison with the inhibitory effect of IFN-α2 revealed that subtypes α1, α21 and α8 are less antiviral, while subtypes α6, α17, α10, α14, α7, α4, α5 and α16 displayed higher antiviral activity against H3N2 IAV ([Figure 4](#F0004){ref-type="fig"}(C)). The three most potent subtypes α16, α5 and α4 reduced virus growth by 3--4 log~10~ steps at 48 hpi. To rule out that viral titres were reduced due to cytotoxic effects of the IFNs, cell viability of IFN-treated A549 cells was tested following 48 h incubation with 500 U/mL of the individual subtypes. However, only subtypes α2 and α5 significantly reduced cell viability to 94 and 88%, respectively, under these conditions (Supplementary figure 2).

We also tested whether subtypes α5 and α16 are more potent in restricting viral replication in a therapeutic setting, as compared to α2. Lung explants were infected and 1 hpi 2000 U/mL of the subtypes α2, α5 and α16 were added to the supernatants for 48 h. This demonstrated that α5 and α16 strongly reduced viral replication by more than 2 log~10~ steps while α2 reduced viral titres only by 1.5 log~10~ steps ([Figure 5](#F0005){ref-type="fig"}(A)). Cytotoxic effects due to the high IFN-α concentrations were excluded by measuring LDH release ([Figure 5](#F0005){ref-type="fig"}(B)). We suspected that viral titres could be reduced by the induction of an antiviral response in MDCK cells during plaque assay due to the high IFN-α concentrations in the supernatants. To assess this possibility, we treated lung tissue with the IFNs for 48 h and took samples at 1, 24 and 48 hpt. Subsequently, we spiked in 1 × 10^6^ virus particles to the supernatants and performed plaque assay to assess the induction of antiviral activity in the MDCK cells. However, as shown in supplementary figure 3, viral titres were not reduced. Figure 5.Antiviral activity of IFN-subtypes post-infection. (A) Human lung tissue was infected with 1 × 10^5^ PFU/mL of H3N2 IAV for 1 h followed by application of 2000 U/mL of the indicated IFN-α subtypes to the infection medium. Samples of the supernatants were collected at 1, 24 and 48 hpi and titrated on MDCK cells. Each time point represents mean (± SEM). *n* = 4 independent donors. Two-Way ANOVA, Sidak's multiple comparison test. \*\*\*\**p* \< 0.0001. (B) Cytotoxicity of human IFN-α subtypes in human lung explants. Presence of LDH was measured in the supernatant of human lung explants treated with 2000 U/mL of the indicated IFN-α subtypes at 48 hpt. Mechanically disrupted lung tissue was used as a positive control (pos). All values were normalized to the weight of the individual explants.

To confirm the antiviral activities of the IFN-α subtypes in a second experimental model, we determined the IC~50~ of selected subtypes in A549 cells ([Figure 6](#F0006){ref-type="fig"} and Supplementary Figure 4). We found that also in A549 cells α16 and α5 were the most potent subtypes (IC~50~ \< 0.01 U/mL), while α1 and α21 (IC~50~ = 1519.0 and 209.8 U/mL, respectively) were the least potent ([Table 1](#T0001){ref-type="table"}). Compared to IFN-α2 (IC~50~ = 116.7 U/mL), α16 and α5 were \> 10000-fold more potent in inhibiting H3N2 IAV replication. Interestingly, in contrast to the results in human lung tissue, α14 (IC~50~ = 1.92 U/mL, supplementary figure 4) was more potent than α4 in A549 cells, which may indicate differences between the experimental models. Figure 6.Dose response curves for human IFN-α subtypes against H3N2 IAV in A549 cells. Cells were treated for 8 h with different concentrations of each subtype (10^−2--^10^5^ U/mL) and then infected with H3N2 (MOI 0.01). Viral titres were determined by plaque assay at 48 hpi. Data points represent mean titre of at least 3 independent experiments. Table 1.IC~50~ values of human IFN-α subtypes against IAV H3N2.IFN-αIC~50~ (U/mL)IC~50~ (pg/mL)Antiviral activity\
Compared to IFN-α2\
(n-fold)11519.00157095.1−13.0**2116**.**701652**.**31**.**0**412.4029.59.45\<0.01\<0.9\>11670141.9215.160.816\<0.01\<2.1\>1167021209.80427.7−1.8Note: At least 3 independent experiments were performed. Quantified values were analyzed by non-linear regression to determine IC~50~ values. The relative potencies were calculated by dividing the IFN-α2 IC~50~ by the IC~50~ of the other subtypes.

In summary, our data demonstrate that IFN-α subtypes comprise individual capacities to inhibit the replication of H3N2 IAV. In total, eight of 11 IFN-α subtypes displayed higher antiviral activity than IFN-α2, with α16, α5 and α4 being the most potent subtypes, suggesting that they are more suitable candidates for the therapeutic treatment of IAV infections.

IFN-α subtype-dependent induction of IAV restriction factors in human lung tissue {#S003-S2003}
---------------------------------------------------------------------------------

To analyse whether the differences in the antiviral activities of the IFN-α subtypes are correlated to differences in the induction of antiviral restriction factors, we stimulated non-infected human lung explants for 8 h with selected subtypes, representing low (α1), moderate (α2) and high (α4, α5 and α16) antiviral activities. mRNA expression levels of the IAV restriction factors \[[@CIT0042],[@CIT0043]\] *MX1* (MxA)*, DDX58* (RIG-I)*, ISG15, OAS1, EIF2AK2* (PKR) and *IFITM3* were determined ([Figure 7](#F0007){ref-type="fig"}(A)). In correlation with the lack of pronounced antiviral activity, α1 and α2 did not significantly upregulate any of these ISGs, compared to mock-treated lungs. In contrast, subtype α16, the most potent anti-H3N2 IAV subtype, significantly increased expression of all ISGs but *IFITM3*. Similarly, α5 and α4 significantly upregulated expression of *DDX58, OAS1* and *EIF2AK2,* compared to mock and α1, in addition to significantly inducing *MX1*, in comparison to mock. Of note, we did not detect significant upregulation of *IFITM3* mRNA levels by any tested subtypes. Overall, this supports the hypothesis that stronger antiviral activity correlates with increased expression of IAV-specific restriction factors. Figure 7.Induction of antiviral ISGs by IFN-α subtypes. (A) mRNA induction by the indicated subtypes (1000 U/mL) was analysed by qRT-PCR at 8 hpt. GAPDH was used as the housekeeping gene. *n* = 5 independent donors. Bars represent mean fold induction. \**p* \< 0.05 \*\**p* \< 0.01 \*\*\**p* \< 0.001 \*\*\*\**p* \< 0.0001 versus mock; \#*p* \< 0.05 \#\#*p* \< 0.01 \#\#\#*p* \< 0.001 \#\#\#\#*p* \< 0.0001 versus α1; §*p* \< 0.05 §§§*p* \< 0.001 versus α2. (B) Correlation analysis of ISGs induction and virus fold inhibition of each subtype against mock-treated tissue was performed by linear regression. R^2^ and *p*-values were calculated.

To confirm this hypothesis and analyse whether the expression of a specific factor may be more important, we performed a correlation analysis of ISG induction and antiviral activity with all subtypes ([Figure 7](#F0007){ref-type="fig"}(B)). However, this analysis revealed very low correlation coefficients (R^2^) for all of the tested restriction factors, indicating that the subtype-specific antiviral activity against H3N2 is not determined by one of these ISGs alone.

Suppression of IAV replication by IFN-α subtypes is differentially dependent on the restriction factor MxA {#S003-S2004}
----------------------------------------------------------------------------------------------------------

Due to the importance of MxA for the inhibition of IAV \[[@CIT0021]\], we were interested to determine to which extent the subtype-specific antiviral activity was dependent on the presence of this restriction factor. For that matter, MxA KO A549 cells were generated using CRISPR-Cas9 technology ([Figure 8](#F0008){ref-type="fig"}(A)). We compared H3N2 IAV replication kinetics in Ctr and MxA KO cells, either mock-treated or pre-treated with IFN-α subtypes. We observed that the treatment with all tested IFN-α subtypes, except for α1, leads to a reduction in viral replication and NP expression in both Ctr and MxA KO cell lines, as compared to the non-treated cells. However, the reduction of viral titres and NP expression was less pronounced in IFN-treated MxA KO cell than in the Ctr cells ([Figure 8](#F0008){ref-type="fig"}(B and C)). Most importantly, absence of MxA differentially affected the antiviral activity of the tested subtypes as determined by the viral titres in IFN treated KO cells. In MxA KO cells, the antiviral activities of α4 and α16 were only reduced by 10.53 and 8.44-fold, respectively. In contrast, the antiviral activity of α5 was reduced by 33.58-fold, indicating that α5 depends to a greater extent on MxA for its antiviral activity against H3N2 IAV than α4 and α16 ([Table 2](#T0002){ref-type="table"}). Figure 8.MxA-dependency of the antiviral activity of IFN-α subtypes against H3N2 IAV. (A) Western blot analysis of A549 control (Ctr) and MxA KO (ΔMxA) cells, treated (+) or mock-treated (-) with IFN-α5 (500 U/mL) for 8 h. (B) Ctr and ΔMxA A549 cells were treated with IFN-α subtypes (500 U/mL) for 8 h and infected with H3N2 IAV (MOI 0.01). Viral titres in the supernatants were determined by plaque assay. Grey bars indicate the difference in viral titres between non-treated and IFN-treated cells within the respective cell lines at 48 hpi. *n* = 4. Data are presented as mean (±SEM). Ctr mock versus Ctr IFN-α: \*\**p* ≤ 0.01; \*\*\**p* ≤ 0.001. ΔMxA mock versus ΔMxA IFN-α: \**p* ≤ 0.05; \*\*\*\**p* ≤ 0.0001. Three-way ANOVA, Tukey's multiple comparison test. (C) Western blot analysis of viral NP expression. ERK was stained as a loading control. Cells were treated as in B and lysed at 24 and 48 hpi. Table 2.MxA-dependency of the antiviral activity of IFN-α subtypes against H3N2 IAV.IFN-α\
subtypeViral growth in presence of MxA(%)Viral growth in absence of MxA (%)Dependency on MxA (n-fold)MOCK100.0100.01.00173.4887.911.2028.1248.185.9341.5115.9110.5350.3110.4333.58160.554.618.44Note: Viral growth in cells pre-treated with IFN-α subtypes was calculated as percentage of mock treated cells at 48 hpi in presence or absence of MxA. N-fold dependency on MxA was determined by dividing viral growth in MxA absence (%) by viral growth in MxA presence (%).

In summary, this suggests that MxA, among other restriction factors, is an important determinant for the subtype-specific anti-IAV activity of IFN-α subtypes.

Discussion {#S004}
==========

IFN-α subtypes are important signalling molecules for the innate immune response against viruses and other pathogens and were suggested to exhibit subtype and virus specific antiviral activities.

In this study, we compared the antiviral activities of all human IFN-α subtypes against seasonal H3N2 IAV in primary human lung tissue and provide experimental evidence that subtypes α16, α5 and α4 are up to 230-fold more potent to suppress H3N2 IAV replication than clinically licensed subtype α2 ([Figure 4](#F0004){ref-type="fig"}), which emphasizes their great potential as new anti-IAV treatments. So far, antiviral activities were only tested against a single seasonal H3N2 strain. Investigations using other seasonal strains, including H1N1, need to be performed to consolidate our findings on a broader scale. In addition, diverse drug resistant virus strains should be tested to verify their susceptibility to IFN-α treatments.

Our analysis of the innate immune response to H3N2 IAV infection in human lung tissue revealed that only five IFN-α subtypes (α1, α2, α8, α14 and α17) ([Figure 3](#F0003){ref-type="fig"}) were significantly upregulated after infection. Intriguingly, these subtypes exhibited only weak to intermediate antiviral activity against H3N2 in our analysis ([Figure 4](#F0004){ref-type="fig"}(A and C)) while the most potent subtypes α16, α5 and α4 were not induced. Therefore, our data suggest that exogenous application of the IFN-α subtypes with strong antiviral activities, such as α16, α5 and α4, could be a better option for antiviral treatment against IAV than the commonly used α2. Our results are in line with reports showing differential upregulation of IFN-α subtypes during infection with HIV \[[@CIT0038],[@CIT0044]\], which reported strongest upregulation of α14, α2 and α10. This indicates that the pattern of induced subtypes could depend on the infecting virus. In contrast to our results, the authors of this study did not find a preference for induction of IFN-α subtypes with weak antiviral activity, as α14 was highly induced and exhibited high antiviral activity.

The molecular mechanisms underlying the selective upregulation of IFN-α subtypes during viral infections are unknown. It is speculated that virus infections trigger the activation of distinct signalling pathways, possibly by virus-specific PAMPs and engagement of different PRRs, which is responsible for the induction of virus-specific IFN-α subtype signatures. Alternatively, the upregulation of IFN-α subtypes could be determined by virus-specific antagonistic mechanisms, which selectively inhibit the expression of certain IFN-α subtypes. We cannot exclude that the observed pattern of IFN-α subtypes reflects the organ-specific response to the infection with H3N2 IAV in the human lower respiratory tract.

We investigated whether the increased antiviral activities of α16, α5 and α4 were linked to higher expression levels of antiviral ISG compared to weaker subtypes α1 and α2. Indeed, all three subtypes induced higher levels of IAV-specific restriction factors *MX1, DDX58, ISG15* and *EIF2AK2* ([Figure 6](#F0006){ref-type="fig"}(A)), but there was no evidence that one of these factors was of superior importance for subtype-specific antiviral activity against H3N2 IAV, as shown by the low correlation values ([Figure 6](#F0006){ref-type="fig"}(B)). Intriguingly, higher expression of virus-specific restriction factors by highly potent IFN-α subtypes was also observed for HIV \[[@CIT0038]\]. In this report, α8 and α14, which were the strongest inhibitors of HIV infection, induced higher expression levels of the HIV-specific restriction factors *MX2*, *BST2* (Thetherin) and *APOBEC3G*. These observations suggest that the IFN-α family has evolved to provide a virus-tailored component of the host immune response against diverse virus infections.

MxA is a potent inhibitor of IAV replication and was strongly upregulated after treatment with α16, α5 and α4, suggesting that it is an important mediator of IFN-α antiviral activity. Nevertheless, we did not observe a linear correlation between the induction of its mRNA levels and the strength of the subtype-specific IAV inhibition. This led us to challenge the importance of MxA for the subtype-specific IAV restriction in A549 cells depleted for MxA. As expected, the inhibition of viral replication after IFN-α treatment was only partially abolished in the absence of MxA. However, we found that the antiviral activities of α16, α5 and α4 were differentially affected by the absence of MxA and that α5 demonstrated the strongest dependency on MxA ([Figure 8](#F0008){ref-type="fig"}(B) and [Table 2](#T0002){ref-type="table"}). This suggests that the antiviral activity of IFN-α subtypes towards H3N2 IAV is not exclusively mediated by the action of MxA but most likely relies on the concerted actions of several ISGs. Furthermore, the differences in the dependency on MxA support the hypothesis that IFN-α subtypes induce subtype-specific ISG landscapes.

So far, it has remained elusive how IFN-α subtypes are able to induce individual biological activities despite binding to the same receptor. It was suggested that different binding affinities to the IFNAR receptor could affect downstream signalling and ISG induction \[[@CIT0045]\]. Additionally, differences in the availability or distribution of the IFNAR chains 1 and 2 on the surface of specific cells types may also be important factors. Thus, studies focusing on the investigation of the biological functions of IFN-α subtypes will strongly benefit from primary tissue models. Due to these reasons, we analysed the antiviral potential of IFN-α subtypes against H3N2 IAV in human lung explants. To date, human lung tissue provides the unique possibility to study virus-host interactions of IAV in its natural target tissue \[[@CIT0041]\]. The native alveolar 3D-architecture as well as the cellular diversity of the human lower respiratory tract (LRT) are preserved in this tissue and allow natural inter-cellular communications during viral infections. Most importantly, this model displays the natural patient heterogeneity and provides more realistic insights into the complex processes of the human immune response.

Results by us and others have shown that lung explants support the replication of diverse IAV strains as well as the induction of innate immune responses following viral infection or treatment with IFNs \[[@CIT0041]\]. Especially for the analysis of IFNs and their therapeutic potential in humans, interspecies differences strongly recommend the use of primary human study models in order to provide clinically relevant results \[[@CIT0046],[@CIT0047]\]. Limitation of *ex vivo* models is given by the absence of adaptive immune responses. Nevertheless, induction of pro-inflammatory cytokines and chemokines, such as IL-6, IL-8, MIP-1β, IP-10, IL-12p70 and IFNs, that are involved in bridging innate and adaptive immune responses by the recruitment and activation of immune cells, was readily observed in human lung tissue in this study ([Figure 2](#F0002){ref-type="fig"}).

In conclusion, our study provides the first comprehensive analysis of all human IFN-α subtypes against H3N2 IAV in primary human lung tissue. Our data demonstrate that α16, α5 and α4 possess superior antiviral activities against H3N2 IAV compared to licensed IFN-α2. In contrast to IFN-α2, subtypes α16, α5 and α4 were not induced upon infection with H3N2 in human lung tissue, but induced significant higher expression levels of IAV-specific restriction factors when exogenously applied to human lung tissue. Based on the results of our study, we strongly suggest the inclusion of these subtypes into future studies investigating IFN-α-based antiviral approaches against IAV.
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